Introduction
============

Many solid tumors, especially hepatocellular carcinoma (HCC), are characterized by regions of hypovascularity, as determined by diagnostic imaging. Direct intratumoral oxygen measurements using polagraphic electrode probes have also verified that hepatic tumors are significantly more hypoxic than adjacent normal tissues.[@R1] ^-^ [@R3] In liver cancer, the extent of tumor hypoxia seems to inversely correlate with patient prognosis and is often associated with resistance to conventional treatment modalities.[@R4] ^-^ [@R6] Thus, it also presents a unique opportunity for targeting treatment, thereby decreasing drug side effects and increasing antitumor efficacy.

Hypoxia-activated prodrugs (HAP) are a new class of drugs that act via a mechanism involving selective activation of a nontoxic prodrug within the hypoxic regions of tumors. The first promising drug, tirapazamine (TPZ), was a significant advance over previous ones and combination studies with fractionated radiation have demonstrated its ability to kill hypoxic cells in transplanted tumor models. However, this therapy only works in a subset of patients and is not curative, underlying an urgency to identify new compounds.[@R7] ^,^ [@R8] Many reports have shown that a major disadvantage of HAP therapy for hypoxia-targeted treatment is due to the heterogeneity of genetic abnormalities acquired during the course of carcinogenesis and microenvironmental changes.[@R9] Consequently, exploiting the unique molecular phenotype of hypoxic cells represents a viable strategy to supplement HAP therapy for improving patient outcomes.

The main oxygen-responsive signaling pathways that mediate adaptation to hypoxia are centered on hypoxia-inducible factor (HIF1), HIF1 is a heterodimeric protein composed of HIF1A and ARNT/HIF1B subunits. Whereas ARNT is constitutively expressed, HIF1A expression increases exponentially as O~2~ concentration declines. In order to respond rapidly to hypoxia, cells devote considerable energy to the continuous synthesis and degradation of HIF1A under nonhypoxic conditions. Under hypoxic conditions, the degradation of HIF1A is inhibited, resulting in accumulation of the protein, dimerization with ARNT, binding to hypoxia response elements (HREs) within target genes, and thereby modulating more than 100 target genes (e.g., *VEGFA*) involved in angiogenesis, cell survival, glucose metabolism, and resistance to conventional therapies.[@R10] ^-^ [@R12] Therefore, HIF1A has been identified as an attractive drug target, and a wide range of pharmacological approaches have been proposed to modulate its activity, particularly through decreasing its protein level.[@R7] ^,^ [@R8] ^,^ [@R13] A growing number of agents that can inhibit HIF1A activity have shown significant activity in arresting tumor xenograft growth.[@R14] ^,^ [@R15] Accordingly, we hypothesized that a therapeutic strategy aimed at both specifically killing hypoxic cells and inhibiting HIF1A expression may provide enhanced antitumor activity and clinical benefit.

In our laboratories, we have synthesized a series of 3-aryl-quinoxaline-2-carbonitrile 1, 4-Di-N-oxide analogs of TPZ,[@R16] several of which not only exerted antiproliferative activity and hypoxia selectivity to mutiple cell lines, but also displayed activity in inhibiting HIF1A expression and related signal transduction. Among these compounds, Q6 was outstanding with regard to its significantly antitumor activity both in vitro and in vivo. More importantly, we demonstrated that Q6-induced reduction in HIF1A expression was attributed, at least partially, to autophagy-mediated degradation, whereas the classic ubiquitin-proteasome pathway was not involved. In summary, these data provide strong support for the idea that, due to its targeting to hypoxic cells and its dual mechanisms of action, Q6 will be useful in the development of new types of HAP, and the novel role of autophagy in posttranslational regulation of HIF1A has also been unraveled.

Results
=======

Q6 exerts potent antitumor activity and hypoxia-selectivity in 2 HCC cell lines
-------------------------------------------------------------------------------

As a promising HAP, Q6 ([Fig. S1](#SM0001){ref-type="supplementary-material"}) has shown broad antitumor activity and hypoxia-selectivity in a variety of cancer cell lines.[@R16] Thus, in the current study, we speculated that Q6 may inhibit HCC cell survival, especially under hypoxic conditions. To address this question, HepG2 and Bel-7402 cells were exposed to Q6/TPZ for 72 h under normoxia and hypoxia conditions, and cell viability was determined using the MTT assay. As expected, the survival rate of Q6-exposed cells under hypoxia was much lower than that of the cells under normoxia, with the average IC~50~ values of 1.99 ± 0.25 μM in hypoxia and 13.90 ± 5.15 μM in normoxia, a 7-fold selectivity ([Fig. 1A](#F1){ref-type="fig"}). In addition, we compared the antiproliferative effects of Q6 and TPZ, in HepG2 and Bel-7402 cells under hypoxic conditions. The results showed that Q6 appeared to be more potent than TPZ with the IC~50~ values of 2.24 ± 0.18 and 1.74 ± 0.32 μM, respectively, compared with corresponding values of 24.92 ± 6.79 and 6.55 ± 1.78 μM for TPZ ([Fig. 1B](#F1){ref-type="fig"}). In comparison to malignant cells, 2 normal human liver cell lines, HL-7702 and Chang liver cells, were resistant to both compounds ([Fig. S2](#SM0001){ref-type="supplementary-material"}).

![**Figure 1.** Q6 has potent antitumor efficacy and triggers caspase-dependent apoptosis in 2 HCC cell lines. (**A and B**) Two HCC cell lines, HepG2 (left) and Bel-7402 (right), were treated with Q6 or TPZ (0 to 12.5 μM) for 72 h under normoxia or hypoxia. Cell viability was determined by the MTT assay. Data are representative of 3 independent experiments and are expressed as the means ± SD (**C and D**) HepG2 and Bel-7402 cells were treated with Q6 or TPZ (0, 10 μM) or Q6 (0 to 10 μM) +Z-VAD-FMK (40 μM) for 24 h under normoxia or hypoxia. (**C**) Percentage of apoptosis was measured by flow cytometry using the ANXA5/PI apoptosis detection kit. Three independent experiments were performed and the values were expressed as the mean ± SD (**D**) Protein levels of PARP1 were detected by western blot analysis. ACTB was measured as the loading control. Data are representative of 3 independent experiments.](kaup-10-111-g001){#F1}

Q6 triggers caspase-dependent apoptosis
---------------------------------------

Increased apoptosis is an important mechanism by which HAPs kill tumor cells in hypoxia. Accordingly, 3 different approaches were used to investigate the effects of Q6 on apoptosis, and trypan blue exclusion analysis was also employed to investigate whether apoptosis is the main reason for Q6-induced cell death. Initially, the ANXA5/annexin V apoptosis assay was employed to detect levels of apoptosis. After treatment with Q6 or TPZ (0, 10 μM) for 24 h, we found that Q6 induced 28.14% apoptosis in HepG2 cells and 31.71% in Bel-7402 cells under hypoxic conditions, more potentially than that induced by TPZ ([Fig. 1C](#F1){ref-type="fig"}). Moreover, in most cases, the process of apoptosis was accompanied by activation of the caspase cascade. Thus, we detected the expression of some caspase-related proteins, such as PARP1, CASP3, and cleaved-CASP3 by western blotting assay after Q6 treatment. We found that Q6 induced cleavage of PARP1 and CASP3 in a concentration and time-dependent manner in 2 HCC cell lines ([Fig. S3B and S3C](#SM0001){ref-type="supplementary-material"}). Upon pretreatment of cells with a pan-caspase inhibitor, Z-VAD-FMK, Q6-induced apoptosis was significantly reduced from 28.14% to 8.55% in HepG2 cells, and from 31.71% to 12.81% in Bel-7402 cells ([Fig. 1C](#F1){ref-type="fig"}), meanwhile Q6-induced cleavage of PARP1 was attenuated ([Fig. 1D](#F1){ref-type="fig"}), implying the caspase-dependent pathway is involved in Q6-induced apoptosis.

Disruption of mitochondrial membrane potential (ΔΨm) is another important intracellular event that occurs during apoptosis. Using JC-1 analysis, we found that compared with corresponding controls, administration of Q6 for 24 h dramatically decreased ΔΨm in a concentration-dependent manner ([Fig. S3D](#SM0001){ref-type="supplementary-material"}).

Finally, using trypan blue exclusion asssay, we found that Q6 (10 μM) induced 44% cell death in HepG2 cells and 51% in Bel-7402 cells. Upon pretreatment of cells with Z-VAD-FMK, Q6-induced cell death was significantly reduced from 44% to 15% in HepG2 cells, and from 51% to 18% in Bel-7402 cells ([Fig. S3A](#SM0001){ref-type="supplementary-material"}), implying that increased apoptosis is an important mechanism by which Q6 killed tumor cells in hypoxia.

In summary, these experiments demonstrated that Q6 induces disruption of mitochondrial membrane potential, thereby triggering caspase-dependent apoptosis.

Q6 downregulates HIF1A expression and transcription activity
------------------------------------------------------------

Previous studies have demonstrated the relationship between drug resistance and tumor progression with HIF1A overexpression; we observed that Q6 could significantly inhibit HIF1A and related signaling transduction. First, we investigated that treatment with Q6 (0 to 5 μM) for 6 h dramatically decreased hypoxia-induced HIF1A protein expression in HepG2 and Bel-7402 cells in a concentration-dependent manner. ([Fig. 2A](#F2){ref-type="fig"}; [Fig. S5A](#SM0001){ref-type="supplementary-material"}). Given that the inhibition of HIF1A accumulation in hypoxic cells could be correlated with Q6-induced cytotoxicity, parallel studies of cell viability were performed. The results showed that there was no significant alteration in cell viability after Q6 treatment ([Fig. S4A](#SM0001){ref-type="supplementary-material"}), suggesting that Q6-induced reductions in HIF1A levels are not a result of its cytotoxic actions. Following this, we evaluated that Q6 could inhibit HIF1A-mediated transcriptional activity in a concentration-dependent manner in HepG2 and Bel-7402 cell lines, as determined using a hypoxia-responsive reporter construct, containing a luciferase gene under the control of HREs ([Fig. 2B](#F2){ref-type="fig"}).

![**Figure 2.** Q6 downregulates hypoxia-induced HIF1A protein expression and HIF1A-mediated signal transduction. (**A and C**) HepG2 (left) and Bel-7402 (right) cells were exposed to hypoxia or normoxia and treated with Q6 (0 to 5 μM) for 6 h. (**A**) Protein levels of HIF1A, EPAS1, and VEGFA were detected by western blot analysis. ACTB was analyzed as the loading control. Data are representative of 3 independent experiments. (**B**) An HRE-dependent reporter assay was used to determine the effect of Q6 on HIF1A transcriptional activity. Five independent experiments were performed and the values were expressed as the mean ± SD \*\**P* \< 0.01 and \*\*\**P* \< 0.001, compared with untreated controls in hypoxia. (**C**) Total RNA was extracted and *VEGFA* mRNA expression was analyzed by RT-PCR, using *GAPDH* as a control gene. Five independent experiments were performed and the values were expressed as the mean ± SD \*\**P* \< 0.01, compared with untreated controls in hypoxia.](kaup-10-111-g002){#F2}

Multiple studies have demonstrated that HIF1A-mediated VEGFA expression is considered the principal inducer of angiogenesis.[@R17] ^,^ [@R18] Therefore, in this study, we hypothesized that Q6 could inhibit VEGFA expression. As depicted in [Figure 2A and C](#F2){ref-type="fig"}, Q6 significantly suppressed VEGFA protein expression and mRNA levels in a concentration-dependent manner under hypoxic conditions, further confirming that Q6 suppresses HIF1A-induced signal transduction.

Moreover, previous reports have shown that HIF1A and EPAS1/HIF2A are both particularly critical in mediating cellular responses to hypoxia, and are often regulated by the same mechanisms.[@R19] However, Q6 failed to exert an effect on EPAS1 protein levels in HepG2 and Bel-7402 cells ([Fig. 2A](#F2){ref-type="fig"}), indicating that Q6-induced HIF1A suppression may occur through a mechanism that has not been previously reported.

Together, these results demonstrated that Q6 treatment suppresses expression and signaling transduction of HIF1A, but has no effect on EPAS1.

The autophagy--lysosome pathway participates in Q6-induced inhibition of HIF1A expression
-----------------------------------------------------------------------------------------

In order to explore the mechanisms underlying Q6-induced HIF1A suppression, we first examined whether reduction of HIF1A by Q6 occurs at the transcriptional level. Real-time PCR analysis showed that *HIF1A* mRNA levels were not significantly altered after Q6 treatment in Bel-7402 and HepG2 cells ([Fig. 3A](#F3){ref-type="fig"}). Furthermore, we found that Q6 had no effect on EGFR, PIK3CA-AKT1, or MAPK signaling pathways, which have been recently shown to control the protein synthesis of HIF1A ([Fig. S4](#SM0001){ref-type="supplementary-material"}; [Table S1](#SM0001){ref-type="supplementary-material"}). On the basis of these findings, we hypothesized that a degradative mechanism may be involved in Q6-induced reductions in HIF1A. To examine this possibility, cycloheximide (CHX, an inhibitor of protein synthesis) was used to prevent de novo protein synthesis; thus, changes in HIF1A levels would primarily reflect protein degradation. We exposed HepG2 and Bel-7402 cells to CHX under hypoxic conditions in the presence or absence of Q6 at different time points and measured expression of HIF1A. As shown in [Figure 3B](#F3){ref-type="fig"}, although the intensity of the HIF1A signal was not obviously changed in Q6 untreated cells, the reduction of HIF1A protein levels were observed in Q6-treated cells in a time-dependent manner. Together, these results indicate that Q6 downregulates HIF1A protein expression through accelerating its degradation.

![**Figure 3.** Q6 accelerates HIF1A protein degradation via the autophagy-lysosome pathway. (**A**) HepG2 (left) and Bel-7402 (right) cells were exposed to Q6 (0 to 5 μM) for 6 h in hypoxia. Total RNA was extracted and *HIF1A* mRNA expression was analyzed by RT-PCR, using *GAPDH* as a control gene. Five independent experiments were performed and the values were expressed as the mean ± SD (**B**) HepG2 and Bel-7402 cells exposed to hypoxia were treated with CHX in the presence or absence of Q6 (5 μM) for different times, and HIF1A protein levels were then measured by western blot analysis. ACTB was measured as the loading control. (**C**) HepG2 and Bel-7402 cells were pretreated with MG132 (a proteasome inhibitor) or 3-MA (an autophagy-lysosome inhibitor) for 30 min to allow functional inhibition of proteasomes and lysosomes. Cells were then exposed to hypoxia in the presence or absence of Q6 (5 μM) for 6 h, after which HIF1A protein levels were determined by western blot analysis. ACTB was measured as the loading control. (**D**) Ultrastructural features of HepG2 and Bel-7402 cells with or without Q6 treatment (5 μM) for 6 h were analyzed by electron microscopy. The typical images of autophagosomes (arrows) and autolysosomes (arrowheads) were shown at higher magnification. In the lower panel, the number of autophagosomes (AP) and autolysosomes (AL) were presented for HepG2 and Bel-7402 cells. Twenty cross sections were counted in each experiment. Data shown are means ± SD of 3 independent experiments. \**P* \< 0.05 compared with HepG2 control group. \*\**P* \< 0.01 compared with HepG2 control group. ^\#\#^ *P* \< 0.01 compared with Bel-7402 control group. (**E**) HepG2 and Bel-7402 cells were treated with Q6 (0 to 5 μM) for 6 h and LC3B-I and LC3B-II protein levels were measured by western blot analysis. ACTB was measured as the loading control. Data are representative of 2 independent experiments.](kaup-10-111-g003){#F3}

Lysosomal and proteasomal degradation are the 2 major pathways for cellular protein turnover. Therefore, the 2 HCC cells lines were pretreated with MG132 (a specific proteasome inhibitor) or 3-MA (3-methyladenine, a nonspecific autophagy-lysosome inhibitor) before the addition of Q6. The results showed that 3-MA treatment abrogated Q6-induced reductions in HIF1A protein levels in both cell lines, while MG-132 exposure was without demonstrable effect ([Fig. 3C](#F3){ref-type="fig"}). Consistent with this, pretreatment with another lysosome inhibitor CQ could also reverse Q6-induced suppression in HIF1A protein levels ([Fig. S6A](#SM0001){ref-type="supplementary-material"}).

These findings indicate that Q6-induced reductions in HIF1A protein levels are mediated by the autophagy-lysosome pathway, whereas the classical proteasomal pathway is not involved.

Autophagy regulates Q6-induced degradation of HIF1A
---------------------------------------------------

Many previous studies have demonstrated that the major route for delivery of cellular proteins into lysosomes occurs through autophagy.[@R20] ^,^ [@R21] As mentioned above, we hypothesized that autophagy is induced by Q6. Two well-established methods were used to detect autophagosome formation. First, we investigated the number of autophagic vacuoles presenting in cells by ultrastructural analysis based on electron microscopy. As shown in [Figure 3D](#F3){ref-type="fig"}, typical autophagic structures, including double-membrane structures containing cytoplasmic contents (autophagosome), as well as single-membrane structures containing cytoplasmic materials at different stage of degradation (autolysosome) were observed in Q6-treatment group. Next, we examined the conversion of MAP1LC3B (LC3B), ortholog of yeast Atg8, a widely accepted autophagy marker, to assess autophagy levels in Q6-treated cells. During autophagosome formation, cleaved LC3B-I is converted to lipidated LC3B-II, which represents a key event in the regulation of this process. As shown in [Figure 3E](#F3){ref-type="fig"} and [Figure S5A](#SM0001){ref-type="supplementary-material"}, Q6 stimulated significantly increased levels of LC3B-II protein expression, indicating induction of autophagy. In addition, because LC3B-II is continually degraded within autolysosomes during autophagy, it is recommended that cells be treated with lysosomal inhibitor before western blotting for LC3B-II to access autophagic flux. Here, in this study, 2 lysosomal inhibitors bafilomycin A~1~ and CQ were used to pretreat cells before addition of Q6. As shown in [Figure S5B](#SM0001){ref-type="supplementary-material"}, Q6 could increase LC3B-II protein accumulation in a time-dependent manner, but a larger amount of LC3B-II accumulation was observed in bafilomycin A~1~/CQ pretreated cells, indicating induction of autophagic flux by Q6. However, treatment with other hypoxia-targeted agents, such as TPZ, had no apparent effect on inducing autophagy and autophagy-mediated degradation of HIF1A ([Fig. S5C--S5E](#SM0001){ref-type="supplementary-material"}).

In addition, we characterized whether autophagy-related genes are involved in Q6-induced HIF1A reductions and RNA interference approaches were employed. Autophagosome formation requires 2 ubiquitin-like conjugation systems, the ATG12--ATG5 conjugate and the MAP1LC3 (LC3) systems, which are tightly associated with the expansion of autophagosomal membranes. Depletion of ATG5 and LC3B expression in these cells inhibited Q6-induced autophagy, and prolonged the half-life of HIF1A protein in a concentration and time-dependent manner ([Fig. 4A--D](#F4){ref-type="fig"}; [Fig. S6C](#SM0001){ref-type="supplementary-material"}). These data further suggest that autophagy regulates Q6-induced HIF1A turnover in HCC cells.

![**Figure 4.** ATG5 and LC3B are required for Q6-induced autophagy and HIF1A degradation. (**A and B**) After transfection with specifically targeted siRNA (*ATG5* or *LC3B*) for 36 h, HepG2 and Bel-7402 cells were treated with Q6 (0, 2.5, 5 μM) for 6 h, after which HIF1A, ATG5, and LC3B protein levels were measured by western blot analysis. ACTB was measured as the loading control. (**C and D**) After transfection with specifically targeted siRNA (*ATG5* or *LC3B*) for 36 h, HepG2 and Bel-7402 cells were treated with Q6 (5 μM) for different times, after which HIF1A protein levels were measured by western blot analysis. ACTB was measured as the loading control. (**E**) HepG2 cells were treated with Q6 (0, 5 μM) for 6 h under hypoxic conditions, after which HIF1A protein was detected by immunoelectron microscopy analysis. Arrows indicate HIF1A. In the lower panel, the number of immuno-gold labeled HIF1A is presented for HepG2 cells. Twenty cross sections were counted in each experiment and a total of 40 autophagosomes were detected. Data shown are means ± SD of 3 independent experiments. \*\**P* \< 0.01 compared with the control group.](kaup-10-111-g004){#F4}

Furthermore, to determine whether HIF1A could be engulfed in autophagosomes, HepG2 and Bel-7402 cells were exposed to bafilomycin A~1~ and/or Q6 and then subjected to following immunofluorescence analyses. [Figure S6B](#SM0001){ref-type="supplementary-material"} revealed that HIF1A dots mostly colocalized with LC3B puncta in Q6-treated cells, whereas in Q6-untreated cells, HIF1A was localized in the nucleus with limited amounts being detected in the cytoplasm. Consistently, another supporting evidence was confirmed by immuno-transmission electron microscopy immuno-gold labeling: HIF1A (arrow) was sequestered in double-membrane structures after Q6 treatment. Together, these data indicate that Q6 activates autophagy and that HIF1A is engulfed in autophagosomes and then delivered to lysosomes for degradation.

Accumulating studies have demonstrated that autophagy is an important mechanism to prevent the accumulation of polyubiquitinated protein aggregates, and recent studies have revealed that SQSTM1 recognizes polyubiquitinated protein aggregates and then binds to LC3B on autophagosomal membranes, thereby delivering the aggregates for degradation.[@R22] Therefore, we hypothesized that SQSTM1 could recognize the polyubiquitinated protein HIF1A. The first supporting evidence was provided by immunofluorescence analysis, where a significant increase in levels of HIF1A was found in the cytoplasm after Q6 treatment, and thus the colocalization between HIF1A and SQSTM1 was enhanced ([Fig. 5A](#F5){ref-type="fig"}). The coimmunoprecipitation analysis using SQSTM1 and HIF1A antibodies further evaluated that under basal conditions there is no association between endogenous SQSTM1 and HIF1A, and this link is significantly increased after Q6 treatment. Particularly, cotreatment Q6 with bafilomycin A~1~, causes HIF1A and SQSTM1 to accumulate in autophagosomes and lysosomes, thus the more evident HIF1A band was observed. ([Fig. 5B](#F5){ref-type="fig"}).

![**Figure 5.** SQSTM1 regulates degradation of HIF1A. (**A**) HepG2 and Bel-7402 cells were exposed to Q6 (0, 5 μM) in the presence/absence of bafilomycin A~1~ (BafA1; 0.2 μM) for 6 h in hypoxia and then HIF1A and SQSTM1 protein levels were analyzed by confocal microscopy. Scale bar, 20 μm. (**B**) HepG2 (left) and Bel-7402 (right) cells were treated with Q6 (0, 5 μM) or Q6 (0, 5 μM) + bafilomycin A~1~ (0.2 μM) for 6 h and then assayed for protein expression levels as indicated by immunoprecipitation or western blotting. 10% of lysate used for IP was loaded for WCL. (**C**) After transfection with *SQSTM1* siRNA for 36 h, HepG2 (left) and Bel-7402 (right) cells were treated with Q6 (0, 2.5, 5 μM) for 6 h, after which HIF1A protein levels were measured by western blot analysis. ACTB was measured as the loading control.](kaup-10-111-g005){#F5}

Furthermore, knockdown of *SQSTM1* partially impaired Q6-induced degradation of HIF1A ([Fig. 5C](#F5){ref-type="fig"}; [Fig. S9](#SM0001){ref-type="supplementary-material"}), suggesting that SQSTM1 might play critical roles in Q6-triggered HIF1A degradation, by delivering HIF1A protein to autophagosomes for degradation.

Finally, all these observations collectively suggested that Q6-induced reduction in HIF1A protein levels were attributed to autophagy-mediated degradation and SQSTM1 was involved in the process.

Q6 arrests tumor growth in vivo
-------------------------------

Given the superior antitumor activity of Q6 in vitro, we hypothesized that it should be capable of slowing tumor growth in vivo. As depicted in [Figure 6A](#F6){ref-type="fig"} and [Table S2](#SM0001){ref-type="supplementary-material"}, Q6 administration significantly inhibited growth of Bel-7402 xenograft tumors and H22 hepatoma. Furthermore, it is worth noting that Q6 treatment did not cause obvious weight loss in either of the 2 in vivo models ([Fig. 6B](#F6){ref-type="fig"}; [Table S2](#SM0001){ref-type="supplementary-material"}). Next, we performed western blot analysis of tumor xenografts and investigated that Q6 administration remarkably activated the caspase-dependent apoptosis pathway in Bel-7402 cell-derived tumors. Finally, western blot and immunohistochemical and immunofluoresence analyses verified that Q6 treatment inhibited HIF1A, VEGFA and CD31 expression in tumors from Q6-treated mice, indicating that Q6 suppresses HIF1A activity and related signaling mechanisms in vivo ([Fig. 6D and E](#F6){ref-type="fig"} **;** [Fig. S7](#SM0001){ref-type="supplementary-material"}).

![**Figure 6.** Q6 arrests tumor growth in vivo. (**A--E**) Nude mice bearing established Bel-7402 tumors were treated with TPZ or Q6 at 25 or 12.5 mg/kg by daily i.p. injection for 27 d. (**A**) Tumor volumes are expressed as the mean ± SEM \*\*\**P* \< 0.001 vs. vehicle-treated controls (n = 5 to 8 per group). (**B**) Relative body weights are expressed as the mean ± SEM \*\**P* \< 0.01 vs. vehicle-treated controls (n = 5 to 8 per group). (**C**) Western blot analysis of Bel-7402 cell-derived tumors treated with Q6 (12.5 mg/kg) or vehicle for expression of PARP1, CASP3, cleaved-CASP3, HIF1A, and VEGFA. ACTB was measured as the loading control. (**D and E**) Effects of Q6 on expression levels of HIF1A and VEGFA in Bel-7402 cell-derived tumors were determined by hematoxylin and eosin staining and immunohistochemical and immunofluorescence analysis. (**F**) Schematic diagrams depicting the mechanism by which Q6 exerts its anticancer effects. On the one hand, Q6 triggers the caspase-dependent apoptosis pathway and induces HCC cell death both in vitro and in vivo. On the other hand, Q6 activates the ATG5 and LC3B-dependent autophagy pathway, which plays an essential role in HIF1A degradation and the anti-angiogenesis and anti-metastatic activities of Q6. Furthermore, interaction with SQSTM1 regulates the degradation of HIF1A. Thus, these data strongly support the conclusion that Q6 is a novel hypoxia-targeted drug for HCC therapy, and we propose that autophagy acts as a tumor suppressor by accelerating HIF1A degradation and arresting angiogenesis and metastatic processes.](kaup-10-111-g006){#F6}

Collectively, our results demonstrated that Q6 dramatically arrests tumor growth in vivo through dual hypoxia-targeted regulatory mechanisms.

Discussion
==========

Given the association of hypoxia with treatment resistance and poor prognosis, the primary purpose of this study was to investigate responses of multiple HCC cell lines to a novel 3′-substituted TPZ analog, and the mechanism involved in mediating these responses. This study initially revealed the significant antitumor activity of the hypoxia-targeted drug, Q6, both in vitro and in vivo*.* More importantly, the present study demonstrated for the first time that autophagic degradation contributes to drug-induced proteolysis of HIF1A, thereby shedding light on a new role for autophagy as a regulator of HIF1A expression in hypoxia-targeted therapeutics.

The presence of hypoxic regions is a common feature of solid human tumors and some treatments for HCC, such as transarterial chemoembolization (TACE) can also cause hypoxia.[@R23] The most established approach to combat with hypoxia is the introduction of HAPs, which can specifically eliminate hypoxic tumor cells. The lead compound, TPZ, has shown selective toxicity toward hypoxic cells in cell culture and in preclinical tumor models. Nevertheless, randomized phase II and III clinical trials that have been completed to date have shown limited improvement in tumor control, especially a lack of efficient extravascular transport and substantially increased toxicity.[@R24] Therefore, new generation HAPs, such as AQ4N and TH-302, have been designed and potentially overcome, some of the recognized limitations of TPZ. In this study, we found that a 3′-substituted TPZ analog, Q6, exhibits 10-fold higher in vitro antiproliferative efficacy relative to TPZ against HCC cells. Moreover, like TPZ, the antitumor activity of Q6 is mediated, in part, through activation of the caspase-dependent apoptosis pathway. Pretreatment of the cells with a pan-caspase inhibitor, Z-VAD-FMK, attenuated Q6-induced cleavage of PARP1 and blocked the apoptosis process. It is not only efficacy, but also safety, that is an important factor when considering HAPs for cancer therapy. We evaluated the toxicity of Q6 in vitro and found that it exerts no apparent toxicity in 2 normal liver cell lines. Similarly, our primary toxicity studies showed that while 200 mg/kg TPZ was lethal, mice treated with 1000 mg/kg Q6 survived, indicating a reduced systemic toxicity of Q6 in vivo (unpublished observations). Collectively, these data strongly support the conclusion that Q6 is a potent hypoxia-selective prodrug, with limited toxicity.

The unique mechanism that likely underlies the high potency of the novel hypoxia-activated prodrug Q6 is that it takes advantage of the phenomenon of hypoxia-mediated gene expression. In recent clinical trials, many agents that suppress HIF1A expression and signal transduction, such as YC-1, sorafinib, and doxorubicin, had significantly enhanced activity when used in combination with HAPs, such as TPZ, PR-104, and TH-302. For example, it was reported that TH-302 enhanced the anticancer activity of doxorubicin in a broad panel of in vivo xenograft models including nonsmall cell lung cancer (NSCLC), colon cancer, prostate cancer, fibrosarcoma, melanoma, and pancreatic cancer.[@R25] Thus this increased understanding of hypoxia-targeted dual regulatory mechanisms may have good prospects for developing new approaches for cancer treatment. In addition, we demonstrated that Q6 suppresses HIF1-mediated VEGFA expression both in vitro and in vivo*.* Collectively, these observations strongly support the conclusion that Q6 is hypoxia-targeted drug with dual modulatory actions, which represents both an opportunity and a challenge for the design and synthesis of novel HAPs.

All eukaryotic cells use the ubiquitin-proteasome system and the autophagy-lysosome pathway for protein degradation and the proteasome is considered to be used for selective degradation of short-lived and abnormal/misfiled proteins, such as TP53/p53 or HIF1A. In this pathway, HIF1A is first hydroxylated by prolyl-hydroxylases and then scaffolded onto a ubiquitin E3 ligase complex that includes the product of the *VHL* (von Hippel-Lindau tumor suppressor, E3 ubiquitin protein ligase) gene. This eventually leads to rapid ubiquitination and proteasomal degradation.[@R13] Meanwhile, autophagy has been identified as a crucial cellular process that prevents accumulation of abnormal proteins and organelles in many physiological and pharmacological conditions. It has been demonstrated, using mice with a conditional, liver-specific knockout of *Atg7*, that loss of autophagy causes liver dysfunction accompanied by intracellular accumulation of ubiquitinated protein aggregates.[@R26] Recently, a paper has demonstrated that all-trans retinoic acid induces clearance of PML-RARA by autophagy to promote cell differentiation.[@R27] These reports suggest that basal constitutive autophagy is required in order to avoid accumulation of ubiquitinated protein aggregates and that drug-induced autophagy may play a positive role in downregulating crucial proteins in cancer therapies.

Several lines of evidence indicate that hypoxia-induced autophagy (or mitochondria autophagy) could be initiated by HIF1A and generally represents an adaptive mechanism that maintains cancer cell viability in hypoxic environments. Intriguingly, in this study, we found that autophagic flux is dramatically activated during the course of Q6 treatment in a HIF1A-independent manner (data not shown), and subsequently triggering autophagy-mediated degradation of HIF1A. Inhibition of Q6-induced autophagy would rescue the degradation of HIF1A, and simultaneously, attenuate the cell-killing abilities of Q6. Different from the hypoxia-induced and HIF1A-dependent protective autophagy reported previously, the autophagic cell death triggered by Q6 may represent a type of acute autophagy provoked by drug stimulation rather by the microenvironment and metabolism stresses.[@R28] ^,^ [@R29] The conclusion of autophagy-dependent lysosomal degradation of HIF1A by Q6 is based on several observations: 1) HIF1A was detected in autophagosome-like, double-membrane structures after Q6 treatment; 2) inhibition of autophagy by downregulating essential autophagy genes, such as *ATG5* and *LC3B*, or by an autophagy inhibitor (3-MA), prevented Q6-induced degradation of HIF1A in a time- and concentration-dependent manner; and 3) pretreatment with the proteasome inhibitor, MG-132, could not reverse Q6-induced degradation of HIF1A in either of the HCC cell lines. Thus, the present study demonstrates for the first time that autophagic degradation contributes to drug-induced proteolysis of HIF1A, and also sheds light on a new role for autophagy as a regulator of HIF1A expression in hypoxia-targeted therapeutic approaches for liver cancer.

Furthermore, our results also demonstrate that autophagy promotes HIF1A degradation through an increased interaction with SQSTM1. It has been previously reported that SQSTM1 is a selective autophagy substrate, binding polyubiquitinated proteins (via its C-terminal ubiquitin-associated domain) and LC3 (via a newly identified LC3 interacting region), that acts as an adaptor by targeting ubiquitinated protein aggregates for degradation by autophagy.[@R30] In our study, without exposure to Q6, HIF1A was mainly located in the nucleus, whereas SQSTM1 was preferentially located in the cytoplasm. This quite different spatial distribution impedes the association between the 2 proteins, thus we were unable to detect the interaction between HIF1A and SQSTM1 in our experiment systems, although there is some constitutive autophagy occurring under hypoxia condition. In contrast, upon Q6 treatment, we observed a significant translocation of HIF1A from the nucleus to the cytoplasm, where HIF1A interacted with SQSTM1 and was subjected to lysosomal degradation. Furthermore, we also found that knockdown of *SQSTM1* failed to completely reverse Q6-induced degradation of HIF1A, indicating that some other cargo proteins might involve in Q6-induced HIF1A lysosomal degradation. Further studies are required to confirm this hypothesis.

Based upon the work reported here and on previously published data, we propose a more nuanced conceptual model incorporating the promising hypoxia-targeted strategy for cancer therapy ([Fig. 6F](#F6){ref-type="fig"}). In this model, Q6 triggers the caspase-dependent apoptosis pathway and induces HCC cell death. On the other hand, Q6 also activates the autophagy pathway, which plays an essential role in accelerating HIF1A degradation and suppression of its downstream target gene, *VEGF*. Furthermore, we determined that Q6-triggered apoptosis and autophagy were 2 mutually independent events, both of which contributed to the dual hypoxia-targeted regulatory mechanisms and might ultimately lead to the anticancer activity of Q6. ([Fig. S8A and S8B](#SM0001){ref-type="supplementary-material"}). In summary, these data reveal a novel role for autophagy as a regulator of HIF1A expression and HIF1A-mediated signal transduction in hypoxia, and strongly support the conclusion that Q6 has potential clinical value in therapy of HCC.

Materials and Methods
=====================

Reagents and cell culture
-------------------------

Q6 was supplied by Professor Yong-zhou Hu (Zhejiang University, Hangzhou, China). TPZ (tirapazamine) was purchased from Topharman Shanghai Co. Ltd. 3-MA (M9281) was from Sigma-Aldrich. Primary antibodies to cleavage-CASP3 (9661), phospho-MAPK1/3 (9106), phospho-MAPK14 (9216), VEGFA (2463), ATG5 (8540), LC3B (2775), RARA (2554) and ACTB (4967) antibodies were obtained from Cell Signaling Technologies. Antibodies to CASP3 (sc-7272), PARP1 (sc-7150), and SQSTM1 (sc-25575) and HRP-labeled secondary anti-goat (sc-2354), anti-mouse (sc-2005), and anti-rabbit (sc-2004) antibodies were from Santa Cruz Biotechnology. Antibody to HIF1A (610959) was obtained from BD Biosciences. Antibody to CD31 (ab28364) was obtained from Abcam. Other anticancer agents and inhibitors were obtained from Sigma-Aldrich.

For the 2 HCC cell lines, Bel-7402 (TcHu10) was obtained from Cell Bank of China Science and HepG2 (HB8065) was obtained from the American Type Culture Collection (ATCC). Bel-7402/HepG2 cells normally cultured in RPMI 1640 medium (Gibco, 31800-022)/DMEM (Gibco, 12800-017) containing 10% fetal bovine serum (Hyclone, SH30088.03) and 1% antibiotics in a humidified atmosphere with 5% CO~2~ at 37 °C. Hypoxia treatment was performed by placing the cells in a CO~2~ Water Jacketed Incubator (Thermo Forma, 3110) filled with a mixture of 0.6% O~2~, 5% CO~2~, and 94.4% nitrogen.

Flow cytometric analysis of cell cycle, apoptosis, and mitochondrial membrane potential (ΔΨm)
---------------------------------------------------------------------------------------------

Cells were treated with Q6 and/or the general caspase inhibitor, Z-VAD-FMK (Imgenex, IMI-2311). After harvesting and washing twice with cold PBS buffer, the ANXA5-FITC/PI apoptosis Detection Kit (Biovision, K101-100) was used for analysis of apoptotic cells. For JC-1 staining, cells were resuspended in PBS, containing 0.1 μΜ JC-1 (Sigma, T4069) and were incubated at 37 °C for 15 min in the dark. All samples were analyzed using a FACS-Calibur cytometer (Becton Dickinson).

Gene transfection and RNAi
--------------------------

Cells were seeded on 6-well plates and transfected 24 h later using Lipofectamine 2000 (Invitrogen, 11668-019), according to the manufacturer's instructions. Human *ATG5* siRNA, *MAP1LC3B(LC3B)* siRNA, *HIF1A* siRNA, *SQSTM1/p62* siRNA, and control siRNA were obtained from GenePharma Co. Ltd.

Measurement of in vivo activity
-------------------------------

Tumors were established by injection of Bel-7402 cells (5 × 10^6^ cells per animal, subcutaneously into the armpit) to 5- to 6-wk-old BALB/c male athymic mice (National Rodent Laboratory Animal Resource). Treatments were initiated when tumors reached a mean group size of about 100 mm^3^. Tumor volume (mm^3^) was measured with calipers and calculated as (W^2^ × L)/2, where W is the width and L is the length. Athymic mice were intravenously administered with Q6 (12.5 mg/kg) and TPZ (25 mg/kg) dissolved in cremophor: ethanol: 0.9% sterile sodium chloride solution (1: 1: 8, volume) once daily. Mouse weight and tumor volumes were recorded every 2 d until the animals were sacrificed. Animal care was in accordance with institutional guidelines.

Statistical analyses
--------------------

Results are expressed as the mean ± SD of at least 3 independent experiments. Differences between two means were analyzed by the Student *t* test and were considered statistically significant when *P* \< 0.05.

A full description of additional Materials and Methods employed in these studies is provided in the supporting information.
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